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Introduction 

In much of the discussion of the effects of aerodynamic heating, 
attention has been focused on the reduction of the strength of mate- 
rials as the temperature increases and on the probability of local 
melting when the skin temperature reaches the melting temperature. 
We now realize that long before a skin temperature is reached at 
which these effects occur, aerodynamic heating will give rise to seri-  
ous structural problems. - 

One of the early experiments conducted by the NACA was de- 
signed to check the temperature distribution through the structure at 
various times during and following a rapid acceleration of airflow to 
Mach Number 2. An aluminum alloy wing specimen of multiweb con- 
struction w a s  placed at zero angle of atiack in an airstream having a 
stagnation temperature of 500°F and sea level static pressure. The 
unexpected result can best be shown by a short  motion p;,>"ure. 

The first part of the mJtion picture s h w s  the entire test, and 
was taken at five times the speed of projection. 
left to right and the oscillations observed are produced by trie starting 
shock wave. A s  soon as steady flow at Mach Number 2 is established, 
the oscillations disappear and the wing comes to  rest. 
being subjected to aerodynamic heating by the air stream but at first 
shows no sign of distress. The first indication of trouble appears at 
the upper right-hand corner. 

The flow - s  from 

The wing is 

The second part of the picture shows a high-speed shot taken at 
25 times projection speed. 
waving" type of flutter that preceded failure of the wing. 

This shows clearly the chordwise "flag 

In order t o  be sure that the catastrophic flutter undergone by the 
specimen in this first test was indeed precipitated by aerodynamic 
heating, the test was repeated in a jet of the same Idach number, but 
having a stagnation temperature-of only 100°F; in this test no flutter 
was observed and the model remained entirely unharxmd. 
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Froni this and other cpr i rnents :  2nd theoretical analyses it 
seems clezr that an impor ta t  zfr’ect 01 aerodynamic .eating is an 
interaction beiween the heating, the structural stiffnes;, and the a i r  
forces. 
assumed a major role in the design of high speed aircraft. 
flight speeds have raised the magnitudes of the aerodynamic forces 
available for the excitation of aeroelastic phenomena; on the other . 
the provision of adequate structural stiffness t o  prevent undc 

thin wing profiles and slender bodies needed for high-speed ~ L + + ~ L .  In 
addition t o  the more familiar s-atic and dynamic ?ercelastic problems, 
such a s  aileron reversxl a ~ d  5.uling-torsion fluL:\:r, new types of 
aeroelastic phenomena have arisen. “he introductmn of low aspect 
ratio planforms, as in delta wings, hds been accomparlied by the possi- 
bility of aeroelastic behavior associated with chordwise distortions. 
Also, local flutter of thin skin panels has been recognized as 3 poten- 
tial threat, particularly at supersonic speeds. 

It 2s well known that during the 1mt decade aeroelasticity has 
Increased 

1 
1 

aeroelastic behavior has been subject t o  the limitations inher 11 -2 

All  of these aeroelastic phenomena a re  modified by aerodynamic 
* heating, t o  the first order by the effects of the heating on the structural 

and aerodynamic parameters, but we cannot ignore the possibility under 
severe conditions of coupling between the resultant structural deforma- 
tions and the heating. This paper is concerned primarily with the first 
order effects on the structural parameters. 
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Effects of Aerodynamic Heating on Structural Stiffness 

In all aeroelastic problems there is an interaction between aero. 
dynamic and elastic forces--the aerodynamic forces tending to distort 
the structure, while the elastic forces tend to resist distortion. In ad- 
dition, inertial and damping forces are involved in dynamic aeroelasticity. 
The principal-first order influence of aerodynamic heating in aeroelas- 
ticity is presumed to  reside in its effect on the elastic forces that enter 
into the aeroelastic force balance. A reduction in the magnitude of the 
elastic forces available to  resist distortion -- or ,  in other words, a 
reduction in structural stiffness -- could lead t o  increased suscepti- 
bility to aeroelastic difficulties. We must seek, therefore, to discover 
the ways in which the effective stiffnesses of aircraft structural compo- 
nents can be affected by aerodynamic heating and thence to  examine the 
extent t o  which the altered stiffnesses might influence aeroelastic 
behavior. 
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Reduced elastic moduli. - The i i rs t ,  and most obvlous, consid,, 
eration that presents itself is that of the effect of elevated temperatures 
on the elastic moduli of aircraft structural materials. 
a re  shown the variations with temperature of the moduli of elasticity 
of four  materials that miLy find application in v5rious elevated temper- 
ature ranges “- an aluminum alloy (7075-T6), titanium alloy (RC130B), 
a stainless steel (Stainless W), and Inconel X. 
auxiliary abscissa is given, indicating the Mach numbers at which the 
corresponding temperatures could be attained through aerodynamic 
heating during sustained flight in the stratosphere. A s  can be seen, 
the elastic modulus of each material exhibits a drop with increasing 
temperatures. 
ence all aeroelastic phenomena, they nevertheless present no great 
problem t o  the aeroelastician; his aeroelastic analyses must simply 
be based on the value of elastic modulus appropriate to  the temperature 
of concern. 

In Figure 1 

For reference, an 

Although such decreases in structural stiffness influ- 

Local buckling and panel flutter. - But the losses in stmness due 
to change in elastic modulus a re  associated with only one consequence 
of aerodynamic heating, namely, a simple rise in temperature. 
erally greater significance are  the losses in effective stiffness that 
result from transient thermal gradients in the aircraft structures, and 
the thermal stresses they produce. 
fashion the temperatures and s t resses  that might develop with time in 
a multiweb wing a s  a result of accelerated flight to supersonic speeds. 
The upper chart shows plots of temperature versus time fo r  a poht  

A” on the cover of the wing and for a point “B” on the web in the in- 
terior of the structure. The interior temperature may lag substan- 
tially behind the temperature of the outer skin which is being heated 
directly by heat transfer from the boundary layer. 
at a given Mach number is sustained, all points in both the web and the 
covers would reach essentially the same temperature; but in the tran- 
sient range shown here the differences in temperature between webs 
and cover give rise to thermal s t resses  in the spanwise direction. As  
shown by the lower chart of thermal stress against time, compressive 
stress develops in the covers while tensile stress is produced in the 
webs. 
heated covers wish t o  expand longitudinally but tend to  be constraiced 
from doing s o  by the relatively cool webs; since the thermal stresses 
must, of necessity, be self equilibrating, there is no net thrust over the 
cross section. 

Of gen- 

Figure 2 shows in a qualitative 

< &  

Eventually, U flight 

These s t resses  arise sixnply as a result of the fact that the 
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It is entirely possible f o r  the compressive s t resses  in the cover 
t o  buckle the cover skin between webs if the s t resses  become sllffi- 
ciently high, and t l x  possibility is of sigmffcance in connedion with 
local panel flutter - supersonic flight. Theoretical studies have i ~ ,  
dicated that a buckled p n e l  is more susceptible to  panel flutter thax a 
non-buckled panel, as is shown in Figure 3. 

This figure shows theoretical estimates of the thlckmss to length 
ratio required t o  prevent flutter of steel panels at 50,000 feet altitude; 
the panels a re  assumed to  be very wide in the direction normal t o  the 
air  flow. The lower curve is for a panel that is unstressed by forces 
in its plane; the upper curve s”1ows the higher thicknesses needed to 
prevent flutter ~f a panel that has been buckled by co-xpressive forces. 
In addition, it can be stated that a compressive force of a magnitude 
that is not suliicient to  buckle the panel wGuld still make the partel rAore  
susceptible to  fiutter than if it were entirely unstressed; thus, the criti- 
cal thickness ratios f o r  compressed but non-buckled panels may bc T- 
pected t o  lie between the two curves shown. 

- 0  The increased susceptibility to flutter of pariels due t o  -_ i”^ 

stress may be explained in  terms of a local reductioil of the eiiective 
stiffness of the panel a:x:-st ;,tei-al deflectiGa pyl it is subjected t o  
compressive stresses 1;- LL ?. Lm. 
whether bv thermal stress o r  bv ~.r i~I icci  loads (o r  E-7 5 mmbkaticn of 

< x e  a parieL 1 , ~ s  been buckled, 
” -  

the two) &ere results in addition an over-all reductio.; ci stifhess of 
the wing as a whole. Such over-all reductions of stiffr,ess are due t o  
the faccthat the center portions of buckled panels do not car y their 
ful l  share of externally applied loads, and this kind of a c t r  :.LS long 
been familiar t o  designers dealing with ordinary static axialysis c.1 
wings with buckled skin elements. But, as we shall discuss nexi, 
losses of over-all stiffness can be caused by thermal stress withofit 
the occurrence of local buckling. 

Reduced over-allSstfffness resulting from chordwise tempera’cwe 
gradiezts. - Such over-all stiffness losses are produced in t h h  wings 
by certain variations of load along the chord that occur as a result cf 
transient heating conditions. 
loading fo r  the case of a solid wing of diamond cross section. If we 
assume, for simplicity, that the coefficient of heat trmsfer from the 
boundary layer to the wing is constant along the chord, that ths temper- 
ature is constant through the thicknesses, and that heat conduction alor,g 
the chord may be neglected, then the distribution of temperature aiong 
the chord would be as shown by the top chart at some instant during the? 
transient heating stage. Such a temperature distribution is a consequezce 

Figure 4 illustrates such a thermal 

I 
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<>t the fact th2t it natwaliy 2 e? 
,Lord t o  h t ~ ~ t  up tkan :>-e r e - 2  

-2 the spara 
2ooler rnidc’ 
Isading and t ra l lhg edges wh,le ter;s’,c;l;_ ar ises  around the mid&or4 
The thermally kdueed spaawfse load per UT% chord the; var”3Ps 
t h e  chord in L41-c CashSoc shown by the lower  dkgram. 

..,I 
distribution - C O M ~ T ~ :  ear the ends of the CPOSS sectfo-L LJ -,en- 
siori around the rmi?di - tozsional stdfness 
in the manner i l lustrd ;-,onr?.:’ual mode sh;wti ir. Figure 5. 

f o r  the mass-ve cezter of the 

because che ho-txer ~ o r : % x  of the cross section wish t G  expara 

reglo:!, ccmpressive stresses are praducec Lear ?ke 

iy t ~ : ~ ?  leading and i %d:qg edges. 

direchfon but arc cow! - r z -xd  from d o x g  SG by the 

The 
i c ~ d  on the cross s~c~is,ior =US?, of course, va-;,:sh; but tkk k 

-s +te  over-al? w 

A rigid cress-bar is attached LO one er;d of a toique t-ube that is 
f.ixed at the other sd. In a3d ion the cross-bar is joined t-0 foun- 
dation by means of a Let: z.: assume 
now that the end rods get hot while the torque tube reznains ~-lztIvely 
cool; then, because of the constraining action of the rigid cross-bar, 
compressive forces develGp ii? .the rods wk3e  a tensile force, I?urner- 
ically equal t o  the sum of tkese compressive forces, is produced ir, 
the tube. If we now subjeci the torque tube t o  an externally applied 
torque as shown by the arrow,, the cross-bar rotates as indfcat.ed. 
But we Zote row that the e r d  rods are inclined to their origfcrzl posi-L 
.Lions, ar,d rememberizg thak they co&3i compressive forces, we  ses 
that cornpor,.e-n.ks of each of these f o r c e s a d  t o  produce a couple oc t3.e 
cross-bar. CoRsequectly, the twque tube is subjected t o  not only t5.e 
externally applied torque bat ic add23ctl 
the compressive stzesses 22 the end PO~S. A s  a result the twist  of 
this idealized wing model is largeP than it would be if compressive 
stresses .in t.he rods bad been absent. 
thermal compressive s t resses  at the ends of the cross section the 
eBective torsional stuzness of the structure has been lowered. In 
an entirely analogous ‘fashion; the solid~wing previously discussed, 
loaded longitudkally by thermally induced compressive forces near 
the leading and trailing edges, would lose some of its torsional stiff- 
ness. 

attached at each end. 

art extra torque arisizlg from 

In other words, because of the 

Examination of this problern as it applies to several types of con- 
struction, i n d u d k g  hollow wings and wings with multiple webs, indi- 
cates that the behavior described for the solid wing i s  *,me in general. 
Furthermore, the effect of chordwise variation iy! the heat transfer 
coefficient can be shown qualitatively to aggravate the situation. 



6 

. 

The quantitative magnitude of the loss  of torsional stzfness can 
be calculated, and Figure 6 shows some results fo r  each of the three 
types of wing cross-section. 
steel, is supposed to have a thickness to chord ratio of 3 percent, ar,d 
is imagined to undergo, at an altitude of 50,000 feet, the idealized flight 
history shown in the upper sketch. 
Mach number .75 and 2t time zero is instantaneously accelerated t o  
Mach Number 3; the abscissa Js a parameter proportional t o  time. 
The thermal stresses in the hollow wing are  due only to the chordwise 
variation of the coefficient of heat transfer from a turbulent boundary 
layer; fo r  the multiweb and solid wings, this variation is neglected, as 
before, and the heat transfer coefficient at the midchord due to a turbu- 
lent boundary layer is arbitrarily assumed to  apply all along the chord. 
The lower chart shows the losses of torsional stiffness calculated on 
the basis of the various simqlifying assumptions made for each wing. 
The ordinate is the effective torsional stiffness, GJeff, divided by the 
original GJ, and the abscissa is, again, proportional t o  time. 
seen that while the hollow wing experiences only a moderate loss of tor- 
sional stiffness (as a result of the chordwise variation of heat transfer 
coefficient) just the chordwise mass variation of the solid wing leads 
to a loss of 75 percent of its original torsional stiffness. The calcula- 
tions f o r  the multiweb wing, made on the basis of a web-to-cover area 
ratio of .35, also show a substantial loss of stiffness. 
effects in the multiweb wing have not been calculated since the idealized 
assumptions made - namely, one temperature in the covers and another 
in the webs -- are  useful only near the beginning of the transient condi- 
tions. 
mum as did the others. After a long enough time, when all transieats 
have disappeared and the wings a re  at a uniform temperature, their 
torsional stiffnesses would regain their original values (ignoring the 
reduction of the shear modulus G due t o  elevated temperatures). 

Each wing is assumed to  be made of 

That is, the wing is cruising at 

It is 

The maximum 

The curve f o r  the multiweb wing would actually reach a mini- 

The idealized flight history shown in Figure 6 is admittedly un.- 
However, similar calcula- 

To make the example 

realistic and was chosen f o r  convenience. 
tions have been made f o r  the case of the solid wing with the more 
realistic flight histories shown in Figure 7. 
more specific the solid wing has been assumed to have a chord af 36 
inches and the variation with time in minutes of GJeff/GJ has been cai- 
culated for  the three flight histories shown:: infinite acceleration from 
Mach .75 t o  Mach 3, an aeceleration of approximately l g  up t o  Mach 3, 
and an acceleration of approximately 1/2g. A s  can be seen from the 
results, the maximum losses of stiffness during each of these flights 
occur at different times, but their magnitudes are very nearly the same. 



7 

Consequently one may have 2 certain degree of confidence in the gerk 
era1 magnitude of the stiffness effects calculated on the basis of an 
idealized flight history consisting of the instantaneous change from 
one Mach number t o  another. 

Some Effects of Aerodvnamic Heating 
on Aileron-Reversal and Flutter 

Let u s  now consider the effect of such losses of torsional s t i f f -  
ness on a particular aeroelastic problem, the aileron effectiveness of 
such a wing of solid cross-section (Figure 8). We assume here that 
the wing has a rectangular plan form of aspect ratio 3 and is provided 
with a full span aileron whose width is 20 percent of the chord. If the 
wing undergoes the flight history designated by the curve “A” --that 
is, a sudden change from Mach .75 t o  Mach 3 --the resultant history 
of rolling effectiveness is that shown by the curve labeled “A” in the 
lower chart. The ordinate is the rolling rate per unit aileron deflec- 
tion divided by the same quantity for a rigid wing. The results show 
that about two minutes after the sudden attainment of Mach 3 more 
than half of the rolling effectiveness of the aileron would be lost .  
ually, when steady state temperatures are  achieved, the effectiveness 
would return t o  the value it had at Mach 3 before the onsex of thermal 
stresses.  
Mach 3.5, all of the aileron effectiveness would be lost ia less thar, a 
minute; in other words, the aircraft would suffer aileron reversal. 
The controls would remain reversed for  2-1/2 minutes, after which 
tkme effectiveness would gradually return. 

Event- 

If, as shown by case “B,” the wing were accelerated t o  

A final example, illustrative of the aeroelastic effects of loss  of 
We note first in Figure 9 the torsional stiffness, may be of interest. 

losses of torsional stiffness which would be experienced by a steel 
multiweb wing having many closely spaced webs with a ratio of web 
area t o  cover area of .35 and a skin thickness of 1/10 of an inch. 
The lower part of the slide shows the stiffness losses endured by the 
wing when it is subjected t o  the flight histories ‘6A7’ and “B” shown 
above .- instantaneous acceleration from Mach .75 t o  Mach 3 and 4 
respectively. The substantial losses experienced soon after accelera- 
tion to Mach 4 can lead t o  the consequences shown in Figure 10. 
we consider the wing to have a rectangular planform with an aspect 
ratio of 3, and take into account the losses of torsional stiffzess in- 
curred by-acceleration t o  Mach 4, a theoretical analysis of bending- 
torsion flutter yields the time variation of flutter speed given by the 

E 
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STEEL WINGS; 3% THICKNESS RATIO; 50,000 FT 
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wv - 
Figure 6.- Variation of t o r s i o n a l  s t i f f n e s s  with tii-e f o r  three a i r f o i l  

structurer;  a f t e r  instantaneous accelerat ion t o  Mach 3 .  
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Figure 9.- Effec t  of Mach number mid time on the t c - 1  :I stiffness of 
a steel multiweb wing. 
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